Polar growth of root hairs is critical for plant survival and requires fine-tuned Rho of plants (ROP) signaling. Multiple ROP regulators participate in root hair growth. However, protein S-acyl transferases (PATs), mediating the S-acylation and membrane partitioning of ROPs, are yet to be found. Using a reverse genetic approach, combining fluorescence probes, pharmacological drugs, site-directed mutagenesis and genetic analysis with related root-hair mutants, we have identified and characterized an Arabidopsis PAT, which may be responsible for ROP2 S-acylation in root hairs. Specifically, functional loss of PAT4 resulted in reduced root hair elongation, which was rescued by a wild-type but not an enzyme-inactive PAT4. Membrane-associated ROP2 was significantly reduced in pat4, similar to S-acylation-deficient ROP2 in the wild type. We further showed that PAT4 and SCN1, a ROP regulator, additively mediate the stability and targeting of ROP2. The results presented here indicate that PAT4-mediated S-acylation mediates the membrane association of ROP2 at the root hair apex and provide novel insights into dynamic ROP signaling during plant tip growth.
INTRODUCTION
Root hairs are cylindrical extensions from root epidermal cells that have crucial roles in water uptake and nutrient assimilation, as well as interaction with rhizhobia (Grierson et al., 2014) . The formation of root hairs depends on transcriptional cascade-mediated cell fate determination, hormone-mediated positioning control and polarity factormediated tip growth (Grierson et al., 2014) . Genetic and pharmacological approaches have uncovered a plethora of regulators that operate during polar growth of root hairs. These factors include Rho of plants (ROP) (Molendijk et al., 2001; Jones et al., 2002; Carol et al., 2005; Duan et al., 2010; Huang et al., 2013) , the dynamic organization of actin microfilaments (MF) (Baluska et al., 2000; Ringli et al., 2002; Ketelaar, 2013) , a tip-focused Ca 2+ gradient and the production of reactive oxygen species (ROS) (Foreman et al., 2003; Jones et al., 2007; Takeda et al., 2008) and the asymmetric distribution of phosphatidylinositols (PIs) (Vincent et al., 2005; Preuss et al., 2006; Yoo et al., 2012; Yoo and Blancaflor, 2013) , as well as targeted exocytosis and regulated endocytosis (Preuss et al., 2004; Yoo et al., 2008) . Probably as a result of functional redundancy (Winge et al., 2000; Vernoud et al., 2003) , mutational studies supporting a role of a given ROP in the polar growth of root hairs are still lacking. However, the expression of dominant negative (DN) or constitutive active (CA) ROPs severely interfered with root hair growth (Molendijk et al., 2001; Jones et al., 2002) , suggesting that ROP proteins are key players in this process. Furthermore, most factors that control root hair growth are affected by ROPs, directly or indirectly, in root hairs or by inferring from other cellular systems. ROPs regulate the dynamic organization of actin MF Gu et al., 2005) , cytosolic Ca 2+ concentrations , the production of ROS (Jones et al., 2007) and vesicular trafficking (Bloch et al., 2005; Lavy et al., 2007) through different classes of effectors. These points imply a central role of ROP signaling in root hair growth.
As the master regulators of polar growth, ROPs are in turn controlled by many regulatory factors. A group of plant-specific guanine nucleotide exchange factors (RopGEFs) catalyze the conversion of inactive GDP-bound ROPs into active GTP-bound ROPs (Berken et al., 2005) . Mutations at two Arabidopsis RopGEFs resulted in shorter and fewer root hairs , indicating the involvement of ROP signaling in root hair initiation and growth. Guanine nucleotide dissociation inhibitors (RhoGDIs) are critical for the dynamic membrane association and stability of ROPs (Klahre et al., 2006; Feng et al., 2016) . Mutations at Arabidopsis RhoGDI1/SCN1 (SUPERCENTI-PEDE1) led to root hairs with multiple initiations and branches (Carol et al., 2005) , indicating defective polarity control. In addition to protein factors, ROPs are modified by prenylation. In Arabidopsis, PLURIPETALA (PLP)-mediated prenylation (Running et al., 2004) is crucial for the distribution of ROPs between the plasma membrane (PM) and the cytoplasm (Sorek et al., , 2011 Chai et al., 2016) . Mutations at PLP resulted in shorter and fewer root hairs (Chai et al., 2016) .
Protein S-acylation is yet another regulatory factor involved in ROP signaling. Protein S-acylation is a reversible post-translational modification that attaches palmitate or other saturated lipids to cysteine residues through a reversible thioester linkage, thus affecting protein stability, subcellular localization and activity (Hemsley et al., 2005; Running, 2014) . Protein S-acylation affects the membrane partitioning of Arabidopsis ROP6, a type I ROP, between detergent resistant membrane (DRM) and non-DRM (Sorek et al., , 2010 . Protein S-acyl transferases (PATs) are the major class of enzymes catalyzing protein S-acylation (Hemsley and Grierson, 2008; . Genetic and pharmacological approaches have demonstrated the importance of protein S-acylation in root hair growth (Schiefelbein et al., 1993; Ryan et al., 1998; Hemsley et al., 2005; Zhang et al., 2015) . Mutations at Arabidopsis TIP1/ PAT24 resulted in shorter root hairs with branches (Schiefelbein et al., 1993; Ryan et al., 1998; Hemsley et al., 2005) , while those at Arabidopsis PAT10 caused reduced root hair growth (Zhang et al., 2015) . In addition, inhibition of protein S-acylation by applying a specific inhibitor, 2-bromopalmitate (2-BP), severely compromised root hair growth (Zhang et al., 2015) . However, the identity of PATs acting on ROPs in root hairs has not yet been revealed.
We report here the identification and characterization of an Arabidopsis PAT which may be responsible for the S-acylation of ROP2 in root hairs. Arabidopsis PAT4 is specifically expressed in tip-growing cells. PAT4 is targeted to the PM via post-Golgi secretion. Functional loss of PAT4 resulted in reduced root hair elongation, which can be rescued by a GFP-tagged PAT4 but not its enzyme-inactive mutant, suggesting it functions in root hairs through substrate S-acylation. The apical PM association of ROP2 is slightly but significantly reduced in pat4 mutants, comparable with the case of S-acylation-deficient ROP2 in the wild type. Consistent with reduced ROP signaling in elongating pat4 root hairs, the organization of actin MF was less dynamic, resulting in actin cables penetrating to the very tip, similar to the effect of expression of DN-ROPs (Jones et al., 2002) . In addition, ROS production in growing pat4 root hairs was reduced, further supporting reduced ROP signaling. We then showed that PAT4 and GDI1/SCN1 additively regulate root hair growth by mediating ROP stability and probably also targeting. In addition, mutations at PAT4 enhanced the polarity defects of TIP1 mutant root hairs, indicating a collective contribution by PATs from different subcellular compartments in regulating root hair growth.
RESULTS
Arabidopsis PAT4 is preferentially expressed in tip-growing cells
Half of the PATs encoded in the Arabidopsis genome are expressed in root hairs (Zimmermann et al., 2004; Zhang et al., 2015) . Examples include TIP1/PAT24 (Schiefelbein et al., 1993; Ryan et al., 1998; Hemsley et al., 2005) and PAT10 Zhang et al., 2015) which have been reported to mediate root hair growth. One of the functionally uncharacterized PATs, PAT4, showed root hair-preferential expression (Zimmermann et al., 2004) , implying its role in root hair growth. To determine the expression of PAT4, we generated transgenic plants expressing a GUS translational fusion of the PAT4 genomic fragment (PAT4g-GUS). Over 30 transgenic lines were obtained. Histochemical GUS analysis showed that PAT4 is mainly expressed in root hairs (Figure 1b 
PAT4 targets to the plasma membrane
Functional specificity of PATs is partially determined by their subcellular distribution , which in Arabidopsis could be the PM, endosomes, the tonoplast, the Golgi apparatus or the endoplasmic reticulum (ER) (Batistic, 2012) . PAT4 was targeted to the PM in a transient heterozygous expression assay (Batistic, 2012) . To determine the native localization pattern of PAT4, we generated a GFP translational fusion of the PAT4 genomic fragment (PAT4g-GFP) and analyzed the distribution of GFP signals in stably transformed Arabidopsis by confocal laser scanning microscopy (CLSM). GFP signals were detected mostly at the PM, co-localizing with the signals of the lipophilic fluorescent dye FM4-64 (Figure 2 ). GFP signals were also detected at punctate vesicles in the apex of growing root hairs, which were sensitive to the fungal toxin Brefeldin A (BFA) (Figure 2 ). Because BFA causes the aggregation of trans-Golgi network/early endosomes (TGN/EE) (Lam et al., 2009) , this indicates that PAT4 is also present at the TGN/EE. Mutation of Cys176 to Ser of PAT4, which potentially abolished its enzymatic activity (Hemsley et al., 2005; Zhou et al., 2013) , did not affect its localization (Figure S1 in the Supporting Information), suggesting that its subcellular targeting is independent of its enzymatic activity.
Functional loss of PAT4 compromised root hair growth
Because PAT4 is preferentially expressed in tip-growing cells, especially elongating root hairs (Figure 1 ), we were tempted to hypothesize that it has a role in root hair growth. To test this, we analyzed two T-DNA insertion mutants of PAT4, pat4-1 (CS816449) and pat4-2 (SALK_130642C) (Figure 3a) . Both mutants were defective in PAT4 expression by transcript analysis (Figure 3b ). Indeed, both PAT4 mutants showed a significant reduction in root hair length (Figures 3c, d and S2 ). The polarity of mutant root hairs was slightly affected such that the apical width of pat4 root hairs was significantly increased (Figure 3e ). No significant difference was observed in root hair density between wild type and the pat4 mutants (Figure S2 ), suggesting that PAT4 is not involved in specification of cell fate. Defects in the length and apical width of pat4-2 root hairs were rescued by PAT4g-GFP but not by its potentially inactive version (mPAT4g-GFP) , suggesting that PAT4 regulates root hair growth by substrate S-acylation. Although pat4-2 encodes a partial transcript (Figure 3b) , it showed the same root hair defects as pat4-1 complemented by PAT4g-GFP (Figure 3c -e). These results indicate that both mutants are null alleles for PAT4. The following experiments were mostly conducted in pat4-2. Functional loss of PAT4 caused reduced association of ROP2 at the PM Because ROPs are the best studied substrates for protein Sacylation (Sorek et al., , 2009 (Sorek et al., , 2010 and play important roles in root hair growth based on genetic interference with ROP signaling (Jones et al., 2002) , we hypothesized that functional loss of PAT4 might have affected ROP targeting. To test this hypothesis, we introduced a stable Pro E7 :GFP-ROP2 transgene Chai et al., 2016) into pat4-2 and examined the distribution of GFP signals. Although much enhanced expression of ROP2 affected root hair growth (Jones et al., 2002) , the transgene we used did not have such an effect Chai et al., 2016) . ROP2 was chosen because it has been demonstrated to affect root hair polarity when expressed in either CA or DN form (Jones et al., 2002) . The asymmetric distribution of GFP-ROP2, i.e. restricted to the apical PM of initiating or growing root hairs, was comparable between the wild type ( Figure 4a , d) and pat4-2 (Figure 4b , e). It correlated with the relative normal polarity of pat4-2 root hairs. However, the association of GFP-ROP2 at the apical PM, as reflected by the ratio of the apical PM to the cytoplasmic signals (apical PM/Cyt), was slightly but significantly reduced in pat4-2 compared with that in the wild type ( Figure 4g ). To confirm these results, we performed a cell fractionation assay. An anti-GFP antibody rather than the ROP2-specific antibody (Chai et al., 2016) was used because the effect of PAT4 loss of function is restricted to root hairs. The membrane fractionation experiment using the anti-GFP antibody confirmed the reduced PM association of GFP-ROP2 in pat4-2 (Figure 4h ). To provide further evidence, we generated a ROP2 mutant, ROP2 CC20/157SS , in which the two potential S-acylation cysteine residues were mutated into serine residues. Biochemical studies had previously shown that mutations of the corresponding residues in ROP6 abolished its S-acylation (Sorek et al., , 2010 . Indeed, GFP-ROP2 C20/157S showed a significantly reduced membrane association at the apical PM of wild-type root hairs in the wild type (h) are significantly different (t-test, P = 0.0001). (i) Membrane fractionation with anti-GFP and anti-ACTIN antibodies. P, pellet; S, soluble fraction. Images shown are representatives of three biological replicates. Quantitative analysis of GFP-ROP2 in the membrane fraction against normalized protein input is shown below the anti-GFP blot. The relative level of anti-GFP signals in the membrane fraction of the wild type was arbitrarily set as 100. Results are means AE SD (n = 3). The wild type and pat4-2 are significantly different (t-test, P < 0.05). Bars = 25 lm.
( Figure 4c , f, h), similar to wild-type ROP2 in pat4 root hairs (Figure 4b, f, g ). This result provides further support for PAT4-dependent S-acylation of ROP2.
To exclude the possibility that the reduced association of GFP-ROP2 at the apical PM was a result of the reduced growth vigor of pat4-2 root hairs, we tested the asymmetric distribution of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) and the inverted cone-shaped post-Golgi secretion (Preuss et al., 2004 (Preuss et al., , 2006 Vincent et al., 2005; Voigt et al., 2005) , which are key polarity factors whose asymmetric distributions are associated with root hair growth (Preuss et al., 2004; Vincent et al., 2005) . By using a PI(4,5) P 2 -specific fluorescent probe (Simon et al., 2014) , we confirmed that both the apical PM-restricted distribution and the intensity of PI(4,5)P 2 were unaffected ( Figure S3 ). Using a RFP-RabA4b fluorescent probe (Chai et al., 2016) , we confirmed that the distribution of RabA4b-positive postGolgi vesicles behaved similarly in wild-type and pat4-2 root hairs ( Figure S4 ). These results strongly suggested that the observed reduction in the association of GFP-ROP2 with the PM was a specific effect of PAT4 loss-offunction.
Functional loss of PAT4 interfered with intracellular activities mediated by ROP GTPases ROP GTPases mediate multiple intracellular activities, among which actin MF dynamics and ROS production are the best studied (Ringli et al., 2002; Ketelaar et al., 2003; Jones et al., 2007; Takeda et al., 2008; Ketelaar, 2013) . The reduced association of GFP-ROP2 at the PM in pat4-2 root hairs suggested dampened ROP signaling in root hairs. To test this hypothesis, we introduced a fluorescent probe for actin MF in pat4-2, GFP-ABD2 (Voigt et al., 2005; Wang et al., 2008) . In the wild type, actin cables were longitudinally aligned along the growth axis and absent at the apical clear zone where short actin bundles (SAB) were distributed ( Figure 5a , c, e). By contrast, actin cables penetrated to the very apex of growing pat4-2 root hairs where
(f) SABs were barely detectable (Figure 5b, d, f) . The distribution of actin MF in pat4-2 root hairs resembled that due to DN-ROP2 expression (Jones et al., 2002) . To further verify the altered distribution of actin MF in pat4-2, we applied a actin-depolymerizing drug, Latrunculin B (LatB), to growing root hairs. LatB at a concentration of 25-50 nM severely disturbed root hair polarity in pat4-2 such that root hairs of pat4-2 showed either bulged or branched morphology (Figure S5) . The same LatB treatment only caused a reduced hair length in the wild type ( Figure S5 ). The hypersensitivity of pat4-2 root hairs to the disturbance of actin MF supported a disrupted organization of actin MF by PAT4 lossof-function. In addition to actin MF, the production of ROS is critical for root hair growth (Jones et al., 2007; Takeda et al., 2008) . Staining of ROS with the fluorescent dye 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA) showed that functional loss of PAT4 caused a slight but significant reduction of ROS production during root hair elongation (Figure 5h) . These results all supported reduced ROP signaling during elongation of pat4-2 root hairs.
Functional loss of PAT4 partially suppressed root hair branching in scn1-1
The reduced ROP signaling in pat4-2 root hairs prompted us to investigate the genetic interaction between PAT4 and SCN1 because mutations at SCN1 resulted in root hairs with multiple initiations and branches during elongation (Carol et al., 2005) . Introducing pat4-2 into scn1-1 significantly increased root hair length (Figure 6a, b, k) . Root hairs of the pat4-2 scn1-1 double mutants still formed multiple initiations (Figure 6d ), similar to scn1-1 (Figure 6c ). However, during elongation, only one initiation underwent growth in pat4-2 scn1-1 (Figure 6f ), resulting in root hairs with a single axis (Figure 6j ). By contrast, irregular growth of multiple initiation sites in scn1-1 led to a branched morphology with multiple axes (Figure 6e, j) , as reported (Carol et al., 2005) . Root hair length was significantly increased in pat4-2 scn1-1 (Figure 6k) , probably due to the fact that only one initiation grew into a hair.
To determine the effect of the double mutant on ROP signaling, we introduced GFP-ROP2 Chai et al., 2016) into pat4-2 scn1-1. As reported (Carol et al., 2005; Chai et al., 2016) , GFP-ROP2 is ectopically distributed at the PM of all hair initiation sites in scn1-1 (Figure 6g) . Despite its ectopic localization, GFP-ROP2 became concentrated at the apical PM of all initiations during elongation in scn1-1, leading to the formation of branches (Figure 6h) . By contrast, the signal intensity of GFP-ROP2 was dramatically reduced in pat4-2 scn1-1 (Figure 6i ) although the same transgene was analyzed in all genetic backgrounds. GFP was uniformly distributed along the PM in pat4-2 scn1-1 (Figure 6i ). Because RhoGDIs play key roles in the stability of ROP GTPases (Chai et al., 2016; Feng et al., 2016) , we suspected that PAT4 and SCN1 might synergistically maintain the stability of ROP. To test this (c)-(f) Differential interference contrast images of initiating (c, d) or elongating (e, f) root hairs from scn1-1 (c, e) or pat4-2 scn1-1 (d, f). (g), (h) Representative confocal laser scanning microscopy (CLSM) of Pro E7 :GFP-ROP2 scn1-1 root hairs at initiating (g) or elongating (h) stages. (i) Representative CLSM of an elongating Pro E7 :GFP-ROP2 pat4-2 scn1-1 root hair. GFP was too weak to be detected at initiating root hairs from the same Pro E7 :GFP-ROP2 pat4-2 scn1-1 root and is therefore not included. (j) Quantitative classification of mature root hairs in scn1-1 or pat4-2 scn1-1. The type 'bulged' indicates root hairs growing isotropically and stopped soon after emergence. (k) Quantitative analysis of root hair length. Results shown are means AE SD. In total, 30 elongating root hairs in each genetic background were used for doubleblind analysis. The two genotypes, scn1-1 or pat4-2 scn1-1, are significantly different (t-test, P < 0.05). Bars = 200 lm (a, b); 50 lm (c-f); 20 lm (g-i).
hypothesis, we examined both the transcript and protein levels of ROP2 by real-time quantitative PCRs and by Western blot analysis, respectively. As expected, no significant difference in the transcript abundance of ROP2 was detected ( Figure S6 ). However, the protein level of ROP2 was severely reduced in pat4-2 scn1-1 compared with either single mutant ( Figure S6 ). The reduction of ROP2 in pat4-2 scn1-1 is equal to an additive reduction in either single mutant, suggesting that PAT4 and SCN1 additively mediate the stability of ROPs.
PAT4 synergistically interacts with TIP1 in mediating root hair polarity
Proteins can be S-acylated on several organelles by different PATs, and thus the intracellular distribution of PATs may provide an acyltransferase network to promote dynamic membrane association of substrate proteins (Hou et al., 2009) . We therefore tempted to examine the potential genetic interaction between the PM-associated PAT4 and the Golgi-associated TIP1 during root hair growth. Introducing pat4-2 into tip1-4, a null mutant for TIP1 (Zhang et al., 2015) , resulted in bulged root hairs that were precociously arrested (Figure 7a-d) . Compared with tip1-4 root hairs which contained multiple initiations and branches (Figure 1g, i) , root hairs of pat4-2 tip1-4 initiated at a single site, grew isotropically and ceased growth precociously (Figure 7h, j) . As a result, root hairs of the pat4-2 tip1-4 double mutant were significantly shorter than in either of the single mutants (Figure 7e ) and the branched hair morphology of tip1-4 was significantly suppressed by pat4-2 (Figure 7f ). To determine whether the collaborative effect of PAT4 and TIP1 involves ROP signaling, we investigated the distribution of GFP-ROP2 in the double mutant. Similar to that in scn1-1, GFP-ROP2 was distributed ectopically along the PM of trichoblasts during initiation in tip1-4 (Figure 7k ). Later on, both initiations in a single trichoblast elongated to form a root hair with two growth axes, for which GFP-ROP2 was more concentrated at the apical PM (Figure 7k ). In comparison, GFP was restricted to a single polarization site in pat4-2 tip1-4 during initiation (Figure 7l ). The single initiation site grew in a bulb (Figure 7l ). These results suggest that PAT4 and TIP1 collaboratively mediate ROPcontrolled root hair polarity.
DISCUSSION
We report here that functional loss of PAT4 caused a reduction in root hair length but did not compromise root hair density (Figures 3 and S2) , suggesting that it functions in tip growth but not cell fate determination. In addition, although the apex of pat4 root hairs was slightly increased, cell polarity in general was not disrupted in pat4 such that no multiple initiations or root hair branching were detected (Figure 3 ). This suggests that PAT4 mainly mediates root hair elongation. Indeed, histochemical GUS analysis showed that PAT4 is expressed strongly in elongating root hairs (Figure 1) . A few metazoan PATs were reported to function independently of their protein S-acyl transferase activity . However, the defect of root hair growth in pat4 certainly resulted from the failure of substrate S-acylation because a potentially non-catalytic PAT4 failed to complement the mutant phenotype ( Figure 3 ) despite its comparative subcellular distribution with the wild-type PAT4 ( Figure S1 ). Several lines of evidence support a genetic interaction between PAT4 and ROP GTPases in root hairs. First, a previous study demonstrated the key role of ROP2 in root hair growth (Jones et al., 2002) , while we showed by CLSM that the association of GFP-ROP2 at the apical PM of root hairs was significantly reduced in pat4-2 and by cell fractionation assay that the membrane association of GFP-ROP2 was reduced in pat4-2 (Figure 4) . Interestingly, the reduction of PM-associated GFP-ROP2 in pat4-2 root hairs resembled that of GFP-ROP2 CC20/157SS in wild-type root hairs ( Figure 4 ). As demonstrated previously for ROP6, such mutations abolished its S-acylation and reduced its association with membrane microdomains (Sorek et al., , 2010 . Thus, the results suggested that S-acylation of ROP2 depends on PAT4. Second, intracellular activities mediated by ROP signaling, including the dynamic organization of actin MF and the production of ROS (Ringli et al., 2002; Ketelaar et al., 2003; Jones et al., 2007; Takeda et al., 2008; Ketelaar, 2013) , were all reduced in pat4-2 root hairs ( Figure 5 ), suggesting dampened ROP signaling that is consistent with a reduced PM association of GFP-ROP2. Third, PAT4 genetically interacts with SCN1/GDI1. GDIs play diverse roles in ROP signaling, such as cytoplasmic sequestration, maintenance of ROP stability and possibly shuttling of ROP between different membrane compartments (Klahre et al., 2006; Hwang et al., 2010; Feng et al., 2016) . Mutations at SCN1 resulted in multiple polarity patches during root hair initiation and led to highly branched root hairs (Carol et al., 2005) . Functional loss of PAT4 did not substantially suppress the extended GFP-ROP2 distribution in scn1-1 during root hair initiation but dramatically reduced its ectopic distribution during elongation, and thus suppressed the growth of root hair branches ( Figure 6 ). These results are consistent with the role of PAT4 during root hair elongation and provide further support for genetic interaction between PAT4 and ROP signaling. However, despite the evidence supporting genetic interaction between PAT4 and ROP2, it is currently unclear whether PAT4 is directly responsible for the S-acylation of ROPs. First, we were not able to biochemically verify PAT4-dependent S-acylation of ROP2 due to technical difficulties. Second, the reduction of the association of GFP-ROP2 with the apical PM, although significant, is not dramatic (Figure 4) , indicating that PAT4 is not essential for the membrane/cytoplasm partitioning of ROPs, unlike prenylation (Chai et al., 2016) . In fact, previous biochemical studies demonstrated that S-acylation plays a key role in the partitioning of ROPs among membrane microdomains rather than between membrane and cytosol (Sorek et al., , 2010 . Future studies with biochemical assays of S-acylation and genetic evidence of substrates (Hemsley et al., 2013) would give more clues to the regulation of ROPs by PATs.
Among 24 Arabidopsis PATs, PAT10, PAT14, PAT15, PAT16 and PAT24/TIP1 are expressed relatively highly in root hairs, in addition to PAT4 (Zhang et al., 2015) , among which TIP1 and PAT10 have been reported to mediate root hair growth (Hemsley et al., 2005; Zhang et al., 2015) . However, despite PAT4 not being the most highly expressed, it is the only PAT preferentially expressed in root hairs (Zimmermann et al., 2004) . In addition, intracellular localization of PATs plays a major role in the determination of substrate specificity in vivo . TIP1 is associated with the Golgi apparatus (Hemsley et al., 2005) while PAT10 targets to the tonoplast , excluding the possibility that they play redundant roles with PAT4 in mediating root hair growth.
However, because TIP1/PAT24 is the first functionally studied plant PAT and mutations at TIP1 resulted in defective polarity control of tip growth (Schiefelbein et al., 1993; Ryan et al., 1998; Hemsley et al., 2005; Zhang et al., 2015) , we examined the genetic interaction between PAT4 and TIP1. Mutations at TIP1 resulted in multiple initiations and branched root hairs where GFP-ROP2 was ectopically distributed (Figure 7) . However, the membrane association of GFP-ROP2 was not substantially reduced in tip1-4 (Figure 7) and no ROP GTPases have been detected at the Golgi where TIP1 resides (Hemsley et al., 2005) . These results suggest that ROP signaling is not a direct target of TIP1-mediated S-acylation in root hairs. Indeed, ROP GTPases are not among the more than 100 proteins potentially S-acylated by TIP1 based on a proteomic study (Hemsley et al., 2013) . Instead, many leucine-rich repeat receptor like kinases (LRR-RLKs), cytoplasmic kinases and proteins involved in intracellular protein transport are among those probably S-acylated by TIP1 (Hemsley et al., 2013) , whose failed S-acylation in the tip mutants may contribute to the polarity defects in root hairs and pollen tubes. Functional loss of PAT4 suppressed the multiple initiations and root hair branches of tip1-4 (Figure 7) , indicating collaborative activity of PAT4-mediated ROP signaling and TIP1-mediated polarity signaling during root hair growth.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The Arabidopsis thaliana Col-0 ecotype was used as the wild type. The T-DNA insertion lines for PAT4 (CS816449 as pat4-1 and SALK_130642C as pat4-2) were obtained from the Arabidopsis Biological Resource Center (ABRC, http://www.arabidopsis.org). Other materials, including scn1-1 (Carol et al., 2005) , the PI(4,5)P 2 probe P15Y (Simon et al., 2014) , Pro E7 :GFP-ROP2 , Pro 35S :ABD2-GFP (Voigt et al., 2005; Wang et al., 2008) , Pro 35S : RFP-RabA4b and tip1-4 (SALK_089971C) (Zhang et al., 2015) have been described previously. Plant growth, transformation and selection were as described .
RNA extraction, RT-PCRs and quantitative real-time PCRs
Total RNAs from 4 DAG (days after germination) seedlings of Arabidopsis were isolated using the RNeasy Plant Miniprep Kit (Qiagen, http://www.qiagen.com/) according to the manufacturer's instructions. Reverse transcriptions were performed using Superscript ™ III Reverse Transcriptase with on-column DNase I-treatment (Invitrogen, http://www.invitrogen.com/). Primers ZP2234 (F1 5 0 -ATGGCTTGGAATGAGACC-3 0 ) and ZP2235 (R3 5 0 -GACACAG TTGTTGCATATGG-3 0 ) or ZP2745 (R2 5 0 -TTTACGAAGCATTGGTG AAG-3 0 ) were used in RT-PCRs for the endogenous PAT4 or ZP2234/ZP2687 (R1 5 0 -CTCCAGCTTCAAGTCCTTC-3 0 ) for the exogenous PAT4. Primers to amplify ACTIN2 or ROP2 were as described (Zhang and McCormick, 2007; Chai et al., 2016) . Quantitative realtime PCRs and primers for the internal controls (GAPDH and TUBLIN2) were performed as described .
Plasmid construction
All constructs were generated using the Gateway ™ technology (Invitrogen) except where noted. Entry vectors were generated in the pENTRY/SD/D-TOPO vector (Invitrogen). Primers ZP2047 (5 0 -C ACCATAATCGTTTCTTGCGTTACAGGT-3 0 ) and ZP2048 (5 0 -TTTACG AAGCATTGGTGAAGTG-3 0 ) were used to clone the genomic sequence of PAT4, which is a 3169-bp fragment from the 1103-bp upstream sequence of the start codon to the stop codon. The point mutation replacing the Cys176 of PAT4 with a Ser was generated by a Phusion site-directed mutagenesis kit (Finnzymes, www.thermofisher.com). The destination vector used to generate PAT4g-GUS was described previously (Curtis and Grossniklaus, 2003) . The Cys20 and Cys157 residues of ROP2, corresponding to the Cys21 and Cys156 residues of ROP6 that have been demonstrated to be S-acylation sites (Sorek et al., 2010) , were mutated into serines using a Phusion site-directed mutagenesis kit (Finnzymes). Entry vectors were sequenced and verified. Expression vectors were generated by combining entry vectors with relevant destination vectors in LR reactions using LR Clonase II (Invitrogen). All PCR amplifications used Phusion ™ hot start high-fidelity DNA polymerase with the annealing temperature and extension times recommended by the manufacturer (Finnzymes). A Bioneer PCR purification kit and a Bioneer Spin miniprep kit (Bioneer, www.bioneer.com) were used for PCR product recovery and plasmid DNA extraction, respectively.
GUS histochemistry
Seedlings at 4 DAG were incubated for 4 h with 5-bromo-4-chloro-3-indolyl-D-glucuronic acid (X-Gluc) and examined with an Olympus BX51 microscope (http://www.olympus-ims.com/) as described .
Biochemical analysis of ROPs
Analysis of GFP-ROP2 by membrane fractionation and Western blot was performed as described (Chai et al., 2016) . Mouse monoclonal antibodies for GFP (Transgene Biotech, www.transbio novo.com) and plant ACTIN (Abmart, http://www.ab-mart.com/) were used as instructed by the manufacturers.
Root hair measurements and pharmacological treatments
For the effects of LatB on root hair growth, 4-DAG seedlings were transferred from regular 1/2 MS plates to 1/2 MS plates supplemented with LatB at designated concentrations. DMSO was similarly diluted as a control. After incubation for 6 h, an Olympus BZX16 microscope was used to examine the root hair elongation zone (400 lm distal to the root tip), where LatB treatment affected elongating root hairs. Quantification of root hair length and width was performed using ImageJ (http://rsbweb.nih.gov/ij/) as described . The primary root length of 4-DAG seedlings is 4 mm on average and root hairs between 2 and 3.5 mm distal to the tip were measured. For all root hair analyses, three to four replicate experiments involving 30-50 root hairs were performed for each genetic background. Results were confirmed by non-biased double-blind analyses. BFA treatment and ROS staining (Chai et al., 2016) were performed as described.
Fluorescent microscopy and quantifications
For FM4-64 uptake, seedlings at 4 DAG were pulse-labeled with 4 lM FM4-64 and examined after 5 min. Microscopic imaging was performed either by using a Leica TCS SP5 (Leica, http://www. leica-microsystems.com/) or a Zeiss LSM880 (Zeiss, http://www.ze iss.com/) confocal laser-scanning microscope with a 488-nm argon laser/BP 505-550 filter for GFP and a 561-nm laser/BP 600-650 filter for RFP. Images were exported and processed using Adobe Photoshop CS3 (Adobe, http://www.adobe.com/). Quantification of GFP-ROP2 fluorescence intensity (PM/Cyt), PI(4,5)P 2 fluorescence intensity, the distribution of actin MF, ROS and of RabA4b-positive post-Golgi vesicles was conducted as described (Chai et al., 2016) .
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Additional Supporting Information may be found in the online version of this article. Figure S1 . A C176S mutation within the catalytic DHHC domain of PAT4 did not affect its subcellular targeting. Figure S2 . Functional loss of PAT4 affected root hair growth. Figure S3 . Functional loss of PAT4 did not compromise the polar distribution of PI(4,5)P 2 . Figure S4 . The distribution of RabA4b-positive post-Golgi vesicles was not compromised in pat4-2 root hairs. Figure S5 . Functional loss of PAT4 resulted in hypersensitivity of root hair growth to Latrunculin B. Figure S6 . ROP2 expression is comparable among genotypes but its protein level was significantly reduced in the pat4-2 scn1-1 double mutant.
